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ABSTRACT 
This research investigates organic polymers, inorganic 
coagulants and separate unit operations for their effect on 
the total tri-halogenated (TTHM) residuals in a finished 
water. The water samples utilized for this project were taken 
from a highly colored Central Florida potable water supply 
which is used by municipality which has a TTHM concentration 
in the finished water in excess of the proposed Federal limit. 
Results indicate that (1) organic polymers are not a signi-
ficant source of THM precursors, (2) organic polymers, when 
used as a settling aid after coagulation in Jar tests, are 
an effective means of filtration for removing THM precursors, 
(3) THM residuals produced after coagulation increased 
directly with chlorination pH, (4) there was no significant 
difference in the THM precursor removal after coagulation for 
any coagulant tested and (5) coagulation removed a signifi-
cant amount of THM precursor from the raw water. 
ACKNOWLEDGEMENTS . 
I would like to thank my committee chairman and 
advisor, Dr. James S. Taylor for his guidance on this pro-
ject and for his help in preparing the final text of this 
report. Also, I would like to thank Mr. Bob Fagan for his 
help in preparing this report and particularly for his time 
and assistance in the laboratory. 
iii 
CONTENTS 
ACKNOWLEDGEMENTS . . . . . . . . . . . iii 
LIST OF TABLES v 
LIST OF FIGURES . . . . . vi 
Chapter 
I. GENERAL BACKGROUND OF TRIHALOMETHANES IN DRINK-
ING WATER . . . . .. . .. . . . • . . .. . • . • . 1 
II. TRIHALOMETHANES IN POTABLE WATER 
III. EXPERIMENTAL PROCEDURE 
IV. EXPERIMENTAL DATA . . 
V. DISCUSSIOi~ 
VI. CONCLUSIONS . 
BIBLIOGRAPHY 
iv 
7 
30 
36 
72 
86 
93 
r 
LIST OF TABLES 
1. Raw Water Analysis . . . 
2. Finished Water Analysis 
3. Chlorination of Selected Organics 
. . . . . . 
. . . . . . . . 
10 
11 
15 
4. Chloroform Production of Polymers When Chlorinated 41 
5. Summary of Optimum Dosage and pH for Alum, Magne-. 
sium, and Iron Coagulants . . . . . . . . . . . 57 
6. Residual Turbidity in the Settled Water after 
coagulation with Alum, Magnesium, and Iron . 58 
7 • Experimental Matrix for the Investigation of 
Coagulant, Filtration and Polymers on TTHM 
Residuals ............... . 60 
8. Effects of Coa~ulation Conditions Upon the Forma-
tion of TTHM s of Magnesium Coagulated Waters . 61 
9. Effects of Coagulation Conditions Upon the Forma-
tion of TTHM' s of Alum Coagulated \Jaters . . . . 64 
10. Effects of Coa?ulation Conditions Upon ghe Forma-
tion of TTlrn s of Iron Coagulated Waters . . . . 66 
11. One Hour TTHM Production of \later Coagulated with 
Alum, Magnesium, or Iron . . . . . . . . . . 68 
12. TH!·1 Standard Curve and Analytical Data 69 
13. Effects of pH on the TTH~1 Concentration of an Un-
treated ~Ja ter . . . . . . . . . . . . . . . . . · 71 
14. Average TTl~ Production after Treatment with Alum, 
Hagnesium, or Iron Under Various Coagulation 
Conditions . . . . . . . . . . . . . . . . . . . 74 
v 
LIST OF FIGURES 
l. Correlation of Total Trihalornethane and Organic 
Carbon Concentrations . . . . . . . . . . . 12 
2. Haloforrn Reaction with Increasing Fulvic Acid 
Precursor . . . . . . . . . . . . . . . 14 
3. Proposed Degradation Pathways of Fulvic Acid and 
Resorcinol . . . . . . .. . .. . . . . . . . 17 
4. Influence of pH on Haloform Reactions . 
5. Structure of Polymers Used as Coagulants 
6. Standard Color Curve 
7. Standard Curve for Polymer Chlorination Peak 
20 
23 
34 
Height vs CC1 3 Concentration . . . . . . . 39 
8. Color and TOC Residuals after Mg Coagulation with 
Varying Coagulant Dose . . . . . . . . . . 44 
9. Color and TOC Residuals after Mg Coagulation with 
Varying pH . . . . . . . . . . . . . . . . • . 45 
10. Color and TOC Residuals after Mg Coagulation with 
Varying Polymer Dose . . . . . . . . . . . . . 47 
11. Color and TOC Residuals after Alum Coagulation 
with Varying Coagulant Dose . . . . . . . . . . 48 
12. Color and TOC Residuals after Alum Coagulation 
with Varying pH . . . . . • . . . . • . • . . . 50 
13. Color and TOC Residuals after Alum Coagulation 
with Varying Polymer Dose . . . . . . . . . 51 
14. Color and TOC Residuals after Fe Coagulation 
with Varying Coagulant Dose . . . . . . . . 53 
15. Color and TOC Residuals after Fe Coagulation 
with Varying pH . . . • . . . . . . . . . . 54 
16. Color and TOC Residuals after Fe Coagulation 
with Varying Polymer Dose . . . . . . . . . 56 
vi 
List of Figures (continued) 
17. Triha1omethanes Formed after 1 hr. Contact Time 79 
18. CoMparison of Average TTHM Production for the 
Degree of OCl- Ionization . . . . . . . . . 83 
vii 
CHAPTER I 
GENEP~L BACKGROUND OF TRIHALOt1ETHANES 
IN DRINKING \vATER 
1-1 Introduction 
Thus far, more than 700 organic chemicals have been 
identified in various drinking water supplies in the United 
States. These compounds result from such sources as indus-
trial and municipal discharges, urban and rural runoff, 
natural decomposition of vegetative and animal matter, as 
well as water and sewage chlorination practices. Although 
compositions and concentrations vary from locality to lo-
cality and from time to time, the occurrence of organic 
compounds in tap water is universally acknowledged. The 
human health effects of exposure to these compounds from 
drinking water are not yet clear. However, some of them 
have been shown to be carcinogenic in animal tests and a 
few are known to he human carcinogens. 
The majority of organic chemicals identified in 
drinking water have not been examined for potential health 
effects. Even in the case of those with recognized effects 
from studies at higher doses, the actual risk posed by in-
gesting very low concentrations over an extended period of 
time is not currently known. Some statistical correlations 
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between water containing certain organics and cancer inci-
dences have been suggested in some very preliminary studies. 
However, such correlations would not establish causality 
even if they were statistically valid. Health effects 
research studies involving organic chemical contamination 
of drinking water are underway in an attempt to assess the 
effect on human health of exposure to these substances from 
drinking water as well as the contribution of drinking water 
to total human exposureo 
Chloroform, one of the trihalomethanes, is one ex-
ample of the organics problem with which the Environmental 
Protection Agency (EPA) is dealing. Advanced analytical 
techniques have facilitated the detection of chloroform in 
small amounts of drinking water. The National Organics 
Reconnaissance Survey (Symons et al. 1975) in 1975 confirm-
ed the widespread presence of several previously determined 
organics in drinking water and, further, served to attri-
bute the presence of chloroform and related trihalomethanes 
to the chlorination disinfection process itself. These 
results were subsequently supported by a further survey of 
83 utilities. 
The range of the levels of chloroform found in those 
chlorinated water surveys was from less than one microgram 
per liter to 366 micrograms per liter; 20 micrograms per 
liter median. Chloroform seldom was detected in the raw 
waters of those systems. The principal source of chloro-
form and other trihalornethanes in drinking water was the 
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chemical interaction of the chlorine added for disinfection 
with the commonly present natural humic substances found in 
raw water. The extent of trihalomethane formation will vary 
depending upon season, contact time, water temperature, pH, 
type and chemical composition of raw water, and treatment 
methodology. 
In an early attempt to explore whether or not there 
is a relationship between water consumption and cancer, data 
obtained from the National Organics Reconnaissance Survey 
were compared with cancer mortality occurring in populations 
served by these water utilities. One preliminary study 
utilizing data from 50 of the 80 water utilities samples 
indicated a statistically significant correlation between 
the cancer mortality for all anatomical sites and both sexes 
combined in the years 1969-1971, with chloroform concentra-
tion in the sample collected in spring 1975. Such a corre-
lation was not noted with total mortality or with the sum of 
the concentrations of the four trihalomethanes in the drink-
ing waters (Symons et al. 1975). In contrast to the above 
results, a similar survey of 43 cities in another region of 
the United States did not show any statistically significant 
correlation between chloroform or trihalomethanes and cancer 
mortality. 
1-2 Laws 
Only within the last few years have instrumentation 
and techniques sophisticated enough to measure very small 
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quantities of contaminants have been applied to drinking wa-
ter. vlith the aid of modern analytic techniques, such as 
gas chromatography and mass spectrometry, many types of or-
ganic chemicals have been detected in drinking water in vari-
ous locations for the first time. The subsequent discoveries 
of chemical contaminants, including known or suspected car-
cinogens, which may pose a threat to human health, contri-
buted to the passaGe of the Safe Drinking Water Act (SDWA) 
in December 1974. 
Certain industrial, agricultural, and environmental 
practices have allowed potentially harmful chemicals to 
enter the nation's drinking water. New compounds such as 
various pesticides and other organic chemicals have been in-
troduced into the environment before full knowledge of their 
ultimate health effects were known. In order to cope with 
these chemicals yet protect human health to the maximum ex-
tent feasible, certain provisions were added to the Public 
Health Service Act by Pub. L. 93-523 to allow for greater 
and more comprehensive protection of public health from 
drinking water contaminants. 
Congress anticipated that organic chemicals would be 
dealt with primarily in the Revised Primary Drinking Water 
Regulations (scheduled for March 1979) because of uncertain-
ty of data on the health effects of various organic chemicals, 
uncertainties over appropriate treatment techniques, and the 
need for additional information on the incidence of specific 
organic chemicals in drinking water supplies. Because the 
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Interim Primary Drinking Water Regulations did not contain 
Maximum Contaminant Levels (MCL) for organic chemicals other 
than certain ~esticides, EPA concurrently published Special 
Monitoring Regulations that provide for a national evalua-
tion of the presence in drinking water of approximately 20 
specific organic chemicals and simultaneously attempt to 
correlate their presence with several general organic meas-
urement parameters. Currently the proposed MCL for tri-
halomethanes is 100 micrograms per liter. There has been 
much discussion about this MCL. Many groups feel that the 
MCL is too high and should be lowered, while others, includ-
ing the A\{l;vA, feel that the r1CL should be increased to 300 
micrograms per liter and should apply only to chloroform. 
The decision will ultimately be made by EPA as to the MCL 
which must be met by the drinking water systems. 
1-3 Purpose 
The experimental work for this project was done in 
order to accomplish three major objectives. 
The first objective was to determine if the polymers 
available were actually trihalomethane precursors. In order 
to accomplish this, each polymer chosen was added to distil-
led water and chlorinated. A blank of distilled water with 
chlorine added was used as a control. After a twenty-four 
hour contact period the samples were analyzed on the gas 
chromatograph for the presence of chloroform. The presence 
of chloroform confirmed the polymers tested were trihalo-
6 
methane precursors. 
The second objective was to determine the effect of 
polymers on trihalomethanes in the coagulation process. To 
accornplish this, three polymers were tested with three dif-
ferent coagulants on a highly colored Florida surface water. 
Samples were treated by coagulant only, and then by coagu-
lant plus polymer. After coagulation and settling, the 
samples were chlorinated and analyzed after a twenty-four 
hour contact period for trihalomethane formation. 
The third objective was to determine the effects of 
alum, ferric, or magnesium coagulation with or without fil-
tration or polymers on the formation of trihalomethanes. 
Each coagulant was subjected to identical coagulation pro-
cedures. Optimum pH and coagulant doses were determined 
for each coagulant prior to testine. Trihalomethane produc-
tion was determined for each coagulant alone, with a polymer 
added, at coagulation pH, at pH 7.6, without filtration, 
and with filtration. The comparison of the coagulants were 
based on the data collected from these tests. 
CHAPTER II 
TRIHALOMETHANES IN POTABLE \.JATE'R. 
2-1 Introduction 
As of March 1978, 700 different specific organic 
chemicals had bet,, identified in drinking waters in the 
United States. Rook (lg74) denonstrated that a portion of 
these trace organic contaminants, specifically the trihalo-
methanes, (chloroform, bromoform, dichlorobromethane, and 
dibromochloromethane) are formed during and following the 
chlorination step in water treatment. Rook (1974) further 
postulated that naturally occurrin~ humic and fulvic sub-
stances are precursors to the formation of these haloforms. 
Research is being conducted to determine the health effects 
of consuming water \Jhich contains these chemicals at the low 
concentrations normally found in drinking water. To date, 
there has heen no conclusive experimental data to support 
claims that the chlorinated organics, notably chloroform, 
at the levels present in drinking water constitute any im-
mediate threat to the public health or welfare, but further 
research into possible long-term effects is warranted. 
(Bellar, Lichtenberg, Kroner 1974 ; Morris 1975). 
According to Symons, et al. (1975). chloroform is the 
most abundant of the trihalomethanes in most finished waters 
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in the United States. A statistically significant correla-
tion was shown between the cancer mortality for all anato-
mical sites and both sexes and the chloroform concentration 
in the samples collected during the years 1969 to 1971 for 
the National Organics Reconnaissance Survey (NORS) conduct-
ed in 1975. (USEPA 1975). 
In late January 1978, the Federal Environmental Pro-
tection Agency (EPA) proposed some far reaching regulations 
for reducing the more than 700 synthetic organic chemicals 
that have so far been found in drinking water. Basically, 
water utilities serving 75,000 people or more would have to 
reduce trihalomethane levels to one hundred parts per bil-
lion or below; and install granular activated carbon treat-
ment for removing the hundreds of synthetic organics. 
EPA proposed a maximum contamination level (MCL) for 
total trihalomethanes (TTHM) in drinking water of 100 parts 
per billion for utilities serving a population greater than 
75,000 people. Community water systems serving populations 
between 10,000 and 75,000 would not have to comply with the 
MCL, but would be required to monitor trihalomethane levels. 
Community water systems serving fewer than 10,000 persons 
would not be affected. The mechanism of trihalomethane for-
mation, the precursors involved, and treatment influences 
must be investigated in order to effectively produce finish-
ed waters that conform to these proposed standards. 
2-2 Trihalomethane Precursors 
Rook (1974) reported experimental evidence that de-
monstrated the formation of haloforms as by-products of 
chlorination of naturally colored waters. Rook demonstrated 
that fulvic acids that impart the yellow color to the water 
are precursors for halofotTIS when treated with chlorine. 
Rook concluded all colored water that is chlorinated, wheth-
er surface or ground water, must contain these micropollu-
tants, which are formed during chlorination. 
In November 1974, the EPA initiated the National 
Organics Reconnaissance Survey (NORS) to estimate the nation-
wide distribution of selec'~ed organics in drinking water. 
The results from the NORS study at 80 cities throughout the 
United States, representine all geographical regions and all 
major types of raw water supplies, are summarized in Tables 
l and 2. Table 1 presents the results of raw water analyses 
at each site, and Table 2 presents the results of the fin-
ished water analyses. These results clearly indicate that 
nearly all the trihalomethanes were formed as by-products of 
chlorination. (Singley and Black 1967). 
Generally cities utilizing surface water sources had 
higher average TTHtf concentrations in the finished water 
than cities utilizing ground waters. Surface waters usual-
ly contain a higher concentration of various organic com-
pounds than do ground waters. Non-volatile total organic 
carbon (NVTOC) was shown to be generally propor.tional to 
trihalomethane formation. as shown in figure 1. (Symons, 
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Table 1 
Raw Water Analysis 
(Based on 80 Samples)a 
ComEound it Locations Detected 
Chloroform 49 
Bromodichloromethane 7 
Dibromochloromethane 1 
Bromoform 0 
Carbon tetrachloride 4 
1,2-Dichloroethane 11 
Range of Cone. 
(ug/1) 
0.1-0.9 (16)b 
0.2-0.8 (ll)a 
( 3)a 
2-4 
0.2-3 
a Preliminary Assessment of Suspected Carcinogens in Drink-
b 
ine Water, Report to Congress, USEPA, December, 1975. 
One location received raw water prechlorinated by a near-
by industry. This water contained 16 ug/1 of chloroform, 
11 ug/1 bromodichloromethane, and 3 ug/1 dibromochloro-
methand. 
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Table 2 
Finished Water Analysis 
(Based on 80 Samples)a 
Compound 
# Locations 
Detected 
Median Cone. 
(ug/1) 
Chloroform 
Bromodichloro-
methane 
Dibromochloro-
methane 
Bromoform 
Carbon tetra-
chloride 
1,2-Dichloro-
ethane 
80 
78 
72 
26 
10 
26 
21 
6 
1.2 
93.8% 5 
Range of Cone. 
(ug/1) 
0.1-311 
0.3-116 
0.4-110 
0.8-92 
2-3 
0.2-6 
a Preliminary Assessment of Suspected Carcinogens in Drink-
ing Water, Report to Congress, USEPA, December, 1975. 
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a Symons, J. M. et al. "NORS Survey." JAWWA 67(1975): 634. 
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1975). Rook (1976) also demonstrated increased haloform 
formation with increasing Total Organic Carbon, as shown in 
figure 2. 
Polyelectrolytes (polymers) have also been suggested 
to be a precursor for TTHM formation. (Symons et al. 1975) 
and (Kaiser and Lawerence, 1977). 
2-3 Mechanism of THM Formation 
There are an almost infinite number of organic mate-
rials commonly contained in natural waters and wastewaters 
that may react with free chlorine. For the most part mecha-
nisms for these reactions have not been studied to a great 
extent because rapid and precise analytical methods capable 
of monitoring the reaction products have not been available. 
Murphy et al. (1972) concluded that only organics 
with ring structures and electron activating substituents 
or amino groupings are capable of degradation during chlori-
nation. Murphy suggested that the organic compounds listed 
in table 3 are susceptible to chlorination and typical of 
those functional groups which would be encountered in pot-
able water. 
Bellar et al. (1974) suggested one possible mechanism 
for the formation of chloroform. Bellar theorized that 
eth3nol (found in the tap water he investigated) oxidizes to 
acetaldehyde. The acetaldehyde reacts with water to form 
chloral hydrate, and the chloral hydrate then decomposes to 
form chlorofona, as shown below. 
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Fig. 2. Haloform Reaction with Increasing Fulvic 
Acid Precursor.a 
a Rook, J. J. , "Haloforms in Drinking Water . " JAWl:JA 
68 (1976) : 168-72. 
Easily 
Chlorinated 
Phenols 
Arnines 
Aldehydes 
Key tones 
Pyrrole 
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Table 3 
Chlorination of Selected Organicsa 
Chlorinated under 
vi orous conditions 
Carboxylic Acids 
Nitrobenzene 
Benzonitrite 
Not 
Chlorinated 
Alcohols 
Methyl Ketone 
Urea 
Fur an 
Thiophene 
a Murphy, K. L. et al. "Effect of Chlorination 
Practice on Soluble Organics." \.Jater Research 9 (1972): 
389-396. 
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0 0 H 
CH3 -cH2 -oH3 -~-H --~ Cl 3 -c-~-H --~ Cl3-c-g = (OH) 2 --~ CHClJ 
Rook (1974) reported experimental evidence that halo-
forms are formed during chlorination of naturally colored 
wateru Black and Christman (1968) and Packham (1965) con-
eluded the predominance of fulvic acids in naturally colored 
waters. However this may vary with the location and geo-
morphology of the organically colored waters. 
In an attempt to describe the degradation pathway of 
fulvic acids, Rook (1977) substituted R1 , R2 , R3 for the re-
sorcinol-type moiety of fulvic acid, as seen in figure 1. 
One or two of these may be the fulvic acid matrix molecule, 
+ -and the others H , OH , OCH3 , or COOH. If R1 is fulvic acid, 
I 
R2 is OH-, and R3 isH+, the molecule described is that of 
a phloroglucinol built in fulvic acid. The pathway proposed 
by Rook is a fast chlorination of the carbon atoms that are 
activated by ortho OH-substitients, or phenoxide ions in an 
alkaline environment. The haloform reaction initially will 
give the intermediate carbanion II, which is rapidly halo-
genated further to produce IV, or protonated to III. Both 
III and IV undergo further fissions indicated by dotted lines 
a, b, or c. 
Dotted line "a" represents the final state of the 
usual haloform reaction, leading to CHC1 3 , or in the presence 
of bromine to mixed bromochloro haloforms. (Rook, 1977). 
( In) 
OR 
I 
c /~ 
R1 C C H II I 
R2 C /C OH \// 
c 
R1 C- COOH 
It 0 
HOCl 
R2 c ~/ ' II\ 
/ ,......c ----r C ...l CHCl-
/ R 'c1 ' -~ 
/ 3 ' c \ 
\ 
b \ a 
17 . ( I ) 
( n ) 
( IV ) 
Fig. 3. Proposed Degradation Pathways of Fulvic Acids and 
and Resorcinol. Cl+ represents in a simplified way any 
+ electrophilic halogenating species of series XOH2 , x2 , HOX, 
x2o. 
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2-4 Treatment Influence on TTHM Formation 
Symons et al. (1975) reported in the NORS survey the 
apparent treatment influence on TTHM production in the 
eighty cities investigated. lligher average TTH~1 concentra-
tions were observed at locations where raw-water chlorina-
tion (pre-chlorination) was practiced. On the average TTID1 
production was generally higher as raw-water chlorine dose 
increased. It was also noted that as chlorine residual in 
the finished water increased a corresponding increase in 
TTHM concentrations was also found. 
In the NORS study all of the locations that practiced 
filtration were sorted into NVTOC concentration cells and 
then resorted based on the use of polymers, either as a co-
agulatant or filter aid. In the cities studied, polymer 
dose ranged from 0.02 mg/1 to 7.7 rng/1. It can be seen that 
an increase in TT~1 concentration in the finished water was 
observed when a polymer is used in the potable water treat-
ment process. 
Of the cities surveyed, seventeen treatment plants 
practiced precipitative softening. The average TTllM concen-
tration for all seventeen plants was 0.84 uM/1 while the 
average TTH}1 concentration for all eighty locations was 
0.49 ill1/l. This follows the expected trend for pH depend-
ency of the haloform reaction at higher pH and will produce 
higher concentrations of trihalomethanes. (Symons et al. 
1975). Rook (1976) found the increase in TTl~ production to 
be especially evident at pH values from 8 to 10. 1'1uch less 
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influence is found when varying within 1 unit of pH 7 . The 
influence of pH is presented in figure 4. 
It is clear from data depicted in figures 1 and 2 
that TTHM concentrations are dependent upon organic carbon 
content in the water. Rook used macroretricular anion ex-
change resins following coagulation, sedimentation, and fil-
tration to remove the organic precursor. This method was 
found to be relatively expensive and frequent regeneration 
of the resin was found to be a problem. Rook also found the 
fulvic acid precursor could be removed effectively utilizing 
a combination of ozone and chlorine. 
A second approach to the TT~ problem would be their 
removal after formation and prior to consumption. Rook 
(1976) removed the haloforms formed during chlorination by 
applying activated carbon or by air stripping. Rook found 
that for the activated carbon tests, the haloforms broke 
through after a period of two to three weeks even though the 
carbon was still effective in removing lareer chlorinated 
molecules. The NORS survey indicated locations where acti-
vated carbon was used had average TTHM lower than those not 
using activated carbon. 
Several methods for controlling trihalomethanes in 
finished water have been investigated. As mentioned earlier 
trihalomethanes control can be concentrated on the removal 
of the precursor, removal of the trihalomethanes after for-
mation, or both. 
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Fig. 4. Influence of pH on Haloform Reaction Test 
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a Rook, J. J. "Halo forms in Drinking \-later." JAWWA 68 (1976): 
168-72. 
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Control of chloroform precursors was attempted by 
five treatment techniques prior to chlorination: adsorption 
on powdered and granular activated carbon, the use of chlo-
rine dioxide, ozonation, and coagulation-sedimentation. 
(EPA 1976). The EPA (1976) reported unrealistically high 
doses of powdered activated carbon only resulted in partial 
control of the chloroform precursor, the use of chlorine di-
oxide was only moderately successful, and very high doses of 
ozone were required to produce any noticeable results. Cla-
rification and adsorption on granular activated carbon were 
successful. 
Clarification, which consists of coagulation-
sedimentation-filtration, was shown to be effective in that 
water with the lowest possible organic content produced the 
lowest concentration of chloroform. The EPA (1976) suggests 
that the quickest and the least expensive method of main-
taining low chloroform concentrations in finished water, 
would be for the utility to chlorinate the highest quality 
water possible. 
If the water is filtered, the highest quality water 
is the filter effluent. In many water treatment plants 
chlorine cannot be added at this point because insufficient 
contact time is present to permit adequate disinfection be-
fore use. In this case, chlorination of settled water just 
prior to filtration may be the best alternative. (EPA 1976). 
Granulated activated carbon will absorb most tri-
halomethane precursors so that following granular activated 
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carbon treatment chlorination can be practiced without form-
ing a great concentration of trihalomethanes. The fresh 
granular activated carbon will absorb trihalomethanes that 
have been formed by chlorination practiced prior to granular 
activated carbon treatment. (EPA 1Y76). 
Granular activated carbon does have disadvantages. 
Granular activated carbon will reduce the chloroform concen-
tration for only a few weeks, but will absorb bromine con-
taining trihalomethanes for several months. (EPA 1976). 
2-5 Synt~etic Organic Polymers 
A polymer is a chain of small subunits or monomers. 
Many synthetic polymers contain only one kind of monomer, 
and are referred to as homo-polymers. Others contain dif-
ferent monomers, and are called co-polymers. The total num-
ber of subunits in a synthetic polymer can be varied, pro-
ducing materials of different molecular weight. Polymer 
chains may be linear, or may be branched to varying degrees. 
If a monomeric unit in a polymer contains ionizable 
groups, the polymer is termed a polyelectrolyte. Depending 
on the type of ionizable groups on the monomeric unit, a 
polelectrolyte may be classified as cationic, anionic, or 
ampholytic (contains both positive and negative groups). 
Polymers without ionizable groups are termed nonionic. 
(Weber 1972). 
Figure 5 shows examples of comaon polyelectrolytes. 
The negative charge on the anionic hydrolyzed polyacrylamide 
Fig. 5. a Structure of Polymers used as Coagulants 
and Mechanism of 
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depends on the number of acrylamide groups which have been 
hydrolyzed to acrylic acid groups. A polyacrylamide being 
50% hydrolyzed is one which has 50 out of 100 monomer 
units of acrylamide hydrolyzed to acrylic acid. 
Polymers are presently common to the water treatment 
industry and expected to become even more popular in the 
future. Polymers are used as coagulants, coagulant aids, 
filter aids, and in the dewatering of sludges. 
Goppers and Straub (1976) demonstrated that a poly-
electrolyte added to raw water as a coagulant and filter aid 
was present in the finished water. The polymer in the fin-
ished water appeared as the polymer and also as monomers. 
Goppers and Straub also concluded that the polyelectrolyte 
and/or organic compounds reacted with other chemicals added 
in treatment (such as chlorine) to form new substances in 
the finished water. 
The World Health Organization (\~0) International 
Reference Center for Community Water Supply reviewed the 
health aspects of the use of polyelectrolytes in water treat-
ment. They reported that studies of synthetic polyelectro-
lytes based on polyacrylamide show the toxicity to very low. 
No data are available on the effects of the monomers which 
react with other chemicals present in the water. (Goppers 
and Straub, 1976). 
The World Health Organization International Reference 
Center for Community Water Supply (1973) state in their re-
port: 
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Because of the uncertainty of the removal of polyelectro-
lytes in water treatment, the best practice is to consi-
der any toxic hazard on the basis of the applied dose of 
the chemicals . . . synthetic polyelectrolytes may pre-
sent a toxic risk. In some cases this risk is not as-
sociated with the polyelectrolyte itself but with un-
reacted monomer residues. 
The possibility of trihalomethane formation from poly-
mers was first raised ~n the report on the National Organics 
Reconnaissance Survey on Halogenated Organics in Drinking 
Water (Symons et al. 1975). Symons observed that finished 
water from treatment plants that used polymers generally had 
higher total concentrations of trihalomethanes than water 
from plants that did not use polymers (table 4). The aver-
age trihalomethane concentration in all eighty cities sur-
veyed was 0.5 umole/liter (59ug/l as chloroform). Sixty-
three of the cities used filtration in their treatment pro-
cess, and sixteen of these used polymers on a regular basis. 
The cities using polymers had an average trihalomethane con-
centration fifty-one percent higher than the cities using 
filtration without polymer addition. One should not infer 
from these results that the excess trihalomethanes are due 
to the polymers alone, as many of these cities probably had 
below-average raw water quality that required that the poly-
mer be added. (Kaiser and Lawrence, 1977). 
Kaiser and Lawerence (1977) found most of the poly-
mers they tested to be chloroform precursors when placed in 
contact with chlorine. They also noted the reaction to be 
strongly activated by ultraviolet irradiation. 
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There is a definite lack of information on ·the pre-
cise chemical composition of commercial polymer formulations. 
More investigation needs to be undertaken on polymer-colQr 
interaction to gain a better understanding of the role of 
polymers in the color removal process. Polymers are now 
generally accepted as valuable coagulants for the removal of 
other, more abundant, potential trihalomethane precursors, 
and it may be that the benefits gained from polymers out-
weigh any detrimental side reactions. 
2-6 Color Removal by Coagulation 
There are two basic theories concerning color removal 
by coagulation. The first of these is based on a physical 
destabilization of color producing colloids. The destabili-
zation brought about by a neutralization of the negative 
charge by the cationic metal ions or their positively charged 
hydrolysis products. The original finding by Saville (1917) 
on the existence of a dominant negative electrical charge on 
color colloids coupled with the Shultz Hardy Rule which pre-
dicts the concentration of ions necessary to destabilize a 
counter charged colloid, led to a detailed investigation of 
this mechanism of color removal. 
Singley and Black (1967) investigating the reduction 
of color by coagulation with ferric sulfate demonstrated 
that optimum color removal was not obtained when the floc 
zeta potential was zero. Poor color removal actually result-
ed when the floc charge was reduced to zero. Maulding and 
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Harris (1968) using Fe 2 (so4) 3 coagulation achieved maximum 
color removal at a coagulation pH of 3.43 which was between 
two pH values of which resulted in zero mobility of the fer-
ric floc. Neither of these observations could be rational-
ized by a purely physical model for color removal. 
Black and Christman (1968) demonstrated that color 
present in six different natural waters was removed stoichio-
metrically by ferric sulfate coagulation. A graph of raw 
water color versus required coagulant dose was constructed, 
and the optimum conditions for color removal did not produce 
a floc that had zero zeta potential. Singley and Black 
(1967) also found that, to obtain maximum color removal, al-
kalinity had to be added before ferric coagulation. Ferric 
sulfate proved to be a better color removing coagulant than 
alum for the six natural waters tested. 
Packham (1964) studied coagulation of organic color 
that was isolated from river water. He separated the color 
into humic and fulvic fractions. The mechanisms of alum 
and ferric coagulation were found to be similar. Packham 
proposed from his data that humic acid was entering into a 
chemical reaction with aluminum. He found that the fulvic 
fractions were more complex than the humic acid portions and 
found little evidence of color enmeshment in the Al(OH) 3 
floc. Mangravite et al. (1975) conducted experiments on 
humic acid removal by alum coagulation. They demonstrated 
that insoluble aluminum humic precipitation formed at a pH 
lower than did a pure Al(OH) 3 precipitate and suggested 
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that color was removed from solution in alum coagulation by 
a chemical reaction. 
Mangravite et al. (1975) concluded that salts of humic 
and fulvic acids acted as anionic polyelectrolytes that 
reacted chemically with the cationic flocculant, the carboxy-
late and the phenolate groups. The reaction products formed 
a colloidal precipitate that could be removed by settling 
after flocculation. The first step in humic and fulvic acid 
coagulation was suggested to be a chemical reaction before 
flocculation by cationic polyelectrolyte addition occurred. 
The significance of chemical addition during the 
color removal process was highlighted by Kawamura who re-
ported that lime additions should be made during or after 
alum coagulation for optimum turbidity and color removal. 
Conversely, Jeffcoat and Singley (1975) reported that lime 
additions made before alum coagulation resulted in optimum 
turbidity and color removal. 
Black et al. (1971) presented results of coagulation 
experiments using magnesium carbonate as the primary coagu-
lant in conjunction with lime for removal of turbidity and 
color. Magnesium carbonate hydrolyzed by lime was found 
to be as effective as alum for the removal of organic color 
and turbidity in natural synthetic waters. 
In almost all water treatment plants involved in 
color removal the final color reduction process is chlorina-
tion. The amount of color removed by chlorination is signi-
ficant since chlorinated organics have been suggested as 
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potential carcinogens and the chlorination process is the 
major source of chlorinated organics in the finished water. 
Stevens et al. (1976) concluded that the precursor of tri-
halomethane production during chlorination is probably a 
complex mixture of humic substances and simple low molecular 
weight compounds containing the acetyl moiety. They showed 
that conventional alum coagulation caused the removal of 
most of the precursor material from the raw water. 
CHAPTER III 
EXPERIMENTAL PROCEDURE 
3-1 Introduction 
The method used for determining concentration of tri-
halomethanes in the water samples consisted of extraction 
of the THM's from the water into methylcyclohexane, and 
analysis of the extracted compounds using gas chromatographyo 
3-2 Extraction of Trihalomethanes 
The extraction procedure used is an interim method 
prepar~d by the staff of the Environmental Monitoring and 
Support Laboratory - Cincinnati. The procedure represents 
the current state-of-the-art of liquid-liquid extraction. 
This method is applicable only to the determination of the 
four trihalomethanes (chloroform, bromodichloromethane, di-
bromochloromethane, and bromoform) in finished drinking water 
and raw water. The EPA (1977) found this method was useful 
for THM's over a concentration range from approximately 
0.1 ug/1 to 200 mg/1. Actual detection limits are highly 
dependent upon the characteristics of the gas chromatogra-
phic system used. 
Impurities contained in the extracting solvent usual-
ly account for the majority of the analytical problems. 
Solvent blanks were analyzed before a new bottle of solvent 
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was used to extract samples. Whenever an interference was 
noted in the sample blank, the solvent was reanalyzed. If 
the interference was again noted, a new bottle of solvent 
was tested. 
For extraction and analysis, 1.0 ml of methycyclo-
hexane was placed into a clean extraction vial. Five milli-
liters of the sample were then put into the extraction vial, 
sealed in the vial and shaken vigorously for one minute. 
The samples were allowed to stand until the phases separated 
(about thirty seconds) . The sample was then analyzed by in-
jecting 3.0 ul of the upper (organic) phase into the gas 
chromatograph. 
Extraction efficiencies for the trihalomethanes av-
eraged approximately eighty-nine percent. (EPA 1977). The 
standards and the unknowns were extracted and analyzed in 
an identical manner to compensate for extraction losses. 
3-3 Gas Chromatograph 
The samples were run on a Hewlett Packard model 5750, 
research gas chromatograph us~ng a six foot steel column 
with an inside diameter of 2 mm. The column used was a 0.2 
percent Carbowax on Carbopac C Support (80/100 mesh). This 
column was used in conjunction with a nickel 63 electron 
capture detector using a pulse interval of 150 microseconds. 
The carrier gas used was a gas mixture of 95 percent argon 
and 5 percent methane. The carrier gas was fed into the 
chromatograph at a pressure of 40 psi and a flow rate of 
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approximately 30 ml per minute. Temperatures used were 275 
degrees centigrade for the injection port, 80 degrees centi-
grade for the column oven, and 210 degrees centigrade for 
the electron capture detector. The size of the samples in-
jected into the gas chromatograph was 3 microliters. 
Each time the gas chromatograph was used a calibra-
tion run containing a known amount of the THM's was made. 
Standard THM solutions were prepared using standard THM solu-
tions purchased from Supelco !nco, Bellefonte, Pa. After 
comparing the peak heights and retention times of the un-
knowns to those of the standard, the THM concentrations can 
be calculated by direct comparison to the peak heights of 
the standard curves. 
3-4 Jar Test Procedure 
Initial jar tests to determine the optimum coagulant 
dose and optimum pll were conducted for each coagulant used. 
Optimum dose and pH were defined as the pH and dose at which 
residual color and TOC were at a minimum. The first phase 
of testing was to hold pH constant and vary dose to deter-
mine the best practical dose of coagulant. Next a second 
series of jar tests was run holding the coagulant dose con-
stant as determined in step I while varying pH. From this 
data an optimum pH was determined~ A third set of jars was 
run to confirm the optimum coagulant dose by holding the pH, 
found from the second set of jar tests, constant and again 
varying dose. The optimum dose was determined from this 
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last set of data. 
pH was controlled throughout each mixing phase using 
sulfuric acid and calcium hydroxide. Calcium hydroxide was 
chosen because it is usually used in treatment plants for 
pH control. The rapid mix was conducted at maximum rpm on 
the jar test apparatus (greater than 100 rpm) for three min-
-1 
utes (G = 110 sec ). Flocculation was conducted at thirty-
five rpm for fifteen minutes (G = 13 sec-1). The samples 
were allowed to settle for fifteen minutes before analyzing. 
3-5 Color Measurement 
All color measurements were made at 460 nm wavelength 
using a five centimeter cell in a Bauch and Lomb Spectronic 
70 dual cell spectrophotomer. A platinum-cobalt color solu-
tion was used to generate a standard curve, figure 6 The 
standard curve was checked each day by measuring a Pt-Co 
standard and comparing the measured valve to the standard 
curve valve. 
All samples were filtered through a 0.45 micron filter 
and the pH was adjusted to 7.6 prior to color measurement. 
pH adjustments were made using a dilute hydrochloric acid 
or a dilute sodium hydroxide solution. 
3-6 TOC Measurements 
TOC measurements were obtained by using a Beckman 
Model 915 Organic Carbon Analyzer. This machine utilizes a 
total carbon channel and an inorganic carbon channel. Total 
organic carbon was determined by subtracting the inorganic 
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carbon from the total carbon valve. These valves were deter-
mined by constructing standard curves for each channel. 
These curves were prepared daily by using a standard solu-
tion of inorganic carbon. 
CHAPTER IV 
EXPERIMENTAL DATA 
4-1 Introduction 
The data collected is presented in tabular form or 
graphically presented in this chapter. A short discussion 
is also presented as to how the data was generated. The 
data was obtained using procedures outlined in Chapter III. 
4-2 Polymers Tested as TTHM Precursors 
There has been some concern about the potential of 
polymers as precursors for TTHM formation. (Symons et al. 
1975), (Kaiser and Lawerence, 1977). Kaiser and Lawerence 
(1977) tested several polymers for their potential in form-
ing TTHM's. Most of the polymers they tested were found to 
be chloroform precursors when placed in contact with chlo-
rine. They also noted the reaction to be strongly activated 
by ultraviolet light. 
To determine the reactivity of some of the polymers 
available for use in this experiment, the basic procedures 
used by Kaiser and Lawerence were followed. Kaiser and 
Lawerence tested the polymers used in their investigation at 
concentrations ranging from 0.1 mg/1 to 10 mg/1, at contact 
times ranging from one hour to twenty-four hours, in the pre-
sence of ultraviolet light and without ultraviolet light. 
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All were treated with a constant chlorine dose of 10 mg/1. 
The purpose in testing the polymers was not to deter-
mine the quantity of trihalomethanes that were formed but 
only to discover if the polymers were succeptible to chlo-
rination. To achieve this, a dose of 10 mg/1 of polymers 
was chosen since this large dose would make it easier to 
analyze chloroform on the gas chromatograph. A chlorine 
dose was chosen to be 14 mg/1 as Cl for convenience since 
the chlorine solution was standardized at 1.4 mg/ml. This 
chlorine dose is high, but is a reasonable dose at treatment 
plants with high organic loadings, i.e. Melborne, Fl. A 
solution of calcium hypochlorite was used as the chlorine 
source. The solution was standardized using procedures out-
lined in Standard Methods (1976). 
Each polymer tested was dissolved in one liter distil-
led water at a concentration of 10 rng/1 and at the pH of the 
distilled water (7.0). The water and polymer were then 
dosed with 10 ml of the chlorine solution. After allowing 
several minutes to allow the chlorine solution to disperse 
uniformly throughout the polymer solution, five milliliters 
of samples were placed in extraction vessels and placed· 
under an ultraviolet light for twenty-four hours to await 
analyzation. 
The samples were analyzed utilizing the gas chromato-
graph with the temperature settings, the column, and the ex-
traction procedure outlined in chapter 3. The extraction 
procedure was Modified to detect the dilute concentrations 
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that were to be analyzed. Instead of using 5 milliliters 
of sample and 1 milliliter of extraction solvent, 10 milli-
liters of sample and 1 milliliter of extraction solvent were 
used. By doing this the concentration of the solvent after 
extraction was actually doubled. This enabled the gas chro-
matograph to be set at a less sensitive setting, thus result-
ing in less base line noise. It was found that a range set-
ting of 1 and an attenuation setting of 128 produced excel-
lent results. 
A standard curve was prepared using the procedure 
outlined above and is shown in figure 7. It can be seen 
from figure 7 that the chloroform concentrations are in a 
linear relationship with peak height. It should be noted 
that only chloroform was analyzed since distilled water was 
used as the only solvent with the polymer, thus no other 
halides, specifically bromine, were introduced into the wa-
ter. This was confirmed by running one chromatograph for 
all four TTHM's. 
The six polymers tested are shown in Table 4. The 
six polymers consisted of two cationic, two anionic, and two 
nonionic polymers. These polymers were chosen for several 
reasons. They were available at the time of the test and 
they are samples of the three types of charge polymers can 
contain (cationic, anionic, and nonionic). A third reason 
for using these polymers was that some information was avail-
able on their structure molecular weight, and EPA had ap-
proved them for use in potable water treatment as indicated 
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in table 4. 
The polymers were analyzed for chloroform formation 
and the results are shown in table 4. It can be seen from 
table 4 that four of the six polymers reacted with the 
chlorine to form chloroform. This is consistent with the 
findings of Kaiser and Lawerence (1977) who found the ma-
jority of the polymers they tested to be reactive with chlo-
rine. Of the four polymers found to be reactive, two were 
anionic, two were nonionic. Neither of the cationic poly-
mers reacted with the chlorine. This could possibly be due 
to the structure of the cationic polymers which are amines 
and/or the fact that the cationic polymers are relatively 
low molecular weight polymers. 
It is interesting to note that two of the four EPA 
approved polymers were reactive and the rnagnifloc 946A (EPA 
approved) had the highest chloroform formation of any of the 
six tested, 8.1 ug/1 of chloroform. At the usual polymer 
dosage of 0.1 to 1 mg/1 it seems unlikely that the chloro-
form produced by the chlorination of the polymer would be 
significant. 
4-3 Raw Water Source 
Water used in this experiment was procured from the 
Melborne, Florida Water Treatment Plant, which uses Lake 
Washington as its raw water source. The samples were taken 
from a raw water inlet pipe which is used by the plant per-
sonnel for sampling. Samples were placed in 5 gallon poly-
ethylene distilled water containers and returned to FTU for 
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analysis. 
The Melborne Treatment Plant uses a coagulation-
sedimentation-filtration type process to treat the Lake 
Washington water. The raw water was highly colored and had 
a high TOC concentration. Two separate samples were taken 
two weeks apart. The initial color and TOC for the first 
sample taken was 320 Pt-Co units and 36 mg/1 respectively. 
The second sample had a color of 220 Pt-Co units·and a TOC 
of 30 mg/1. No explanation can be made for the variability 
of the two samples other than natural fluctuation in a sur-
face water source. 
The t1elborne plant currently uses magnesium sulfate 
as primary coagulant at a coagulation pH of 11.5. Lime is 
used to adjust the raw water to the coagulation pH. Amerfloc 
275, an anionic polymer manufactured by American Cyanamid, 
is used as a coagulant aid at a dose of 0.2 mg/1. Melborne 
reports an instantaneous TTHM production in excess of 300 
ug/1 using this treatment process. 
4-4 Results of Coagulation Optimization 
Optimum conditions for each coagulant (alum, ferric, 
magnesium) were conducted as described in the experimental 
procedure section. Optimization was based both on the mini-
mization of residual color and TOC. Optimum coagulant dose 
and pH were determined by plotting residual color and TOC 
versus coagulant dose and pH. Polymer dose optimization for 
each coagulant was also determined by plotting residual 
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color and TOC versus polymer dose. All polymer dose opti-
mization was done at optimum coagulant pH and dose. 
4-4.1 Magnesium Optimization 
Magnesium sulfate (MgS04 ·7H2o) was used as a primary 
coagulant since it is currently used at the Melborne Water 
Treatment Plant where the raw water was procured. The poly-
mer used in conjunction with magnesium sulfate was Amerfloc 
275 for the same reason as previously mentioned. 
Raw water color and TOC were 320 Pt-Co and 36 mg/1 
respectively. Magnesium was dosed from 80 mg/1 as 
MgS04 ·7H2o to 560 mg/1 as MgS04 ·7H20. From earlier tests it 
was observed that very little coagulation took place until 
pH was equal to or greater than 11.0. For this reason an 
initial coagulation pH of 11.5 was chosen for dose optimi-
zation. The plot of the data gathered is found in figure 
8. A magnesium dose of 320 mg/1 as MgS04 ·7H2o was chosen as 
optimum dose. This does was chosen as the dose that pro-
duced the maximum removal of TOC and color. 
The pH optimization is shown in figure 9. CaOH was 
used for pH control in this experiment since it is used at 
most treatment plants for raising the pH (including Mel-
borne, FL.). It was noted from earlier tests that a much 
smaller dose of Mgso4 was required when used with lime for 
pH control instead of NaOH. 
The results of the optimization of the polymer, 
Amerfloc 275, for magnesium coagulation are shown in figure 
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10. Amerfloc 275 was dosed from 0 mg/1 to 0.8 mg/1. It 
can be seen from figure 10 that color remained relatively un-
changed throughout this range. TOC appears to increase with 
dosage of polymer. This seems unusual since it was noted 
that settling was increased with the addition of the polymer. 
A polymer dose of 0.2 mg/1 was chosen because it is the dose 
currently used at the Melborne Treatment Plant; and a defi-
nite increase in settleability was noted. 
Optimum conditions resulted in a residual color of 
50 Pt-Co and TOC of 13 mg/1 for magnesium sulfate alone and 
a residual color of 50 Pt-Co units and TOC of 16 mg/1 for 
magnesium sulfate and Amerfloc 275. 
4-4.2 Alum Optimization 
Al 2 (so4) 3 ·18H2o was used as a second coagulant for 
testing since it is one of the most commonly used coagulants 
in the United States. Magnifloc 521C was used as a coagu-
lant aid with alum. Magnifloc 521C was chosen because it is 
used in conjunction with alum in many plants in the U.S. 
(AWWA 1976). 
Raw water color and TOC measurements for the magne-
sium optimization were 320 Pt-Co and 36 mg/1 respectively. 
Alum dosages used for the test ranged from 20 mg/1 to 400 
mg/1 as Al 2 (so4) 3 .18H2o. The pH for initial testing was 
chosen to be 7.0. The results from this initial test are 
presented in figure 11. Very little color is removed until 
the dosage is increased to 80 mg/1. From figure 11 an 
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optimum dose of 260 mg/1 as Al 2 (so4) 3 ·18H2o was chosen since 
this was the dosage that produced the lowest values of TOC 
and color. Color measurements and TOC at this dosage were 
reported as 60 Pt-Co and 16 mg/1. The pH adjustments are 
found in figure 12. The pH values used to find the optimum 
pH ranged from 4.0 to 8.1. The pH adjustments were made 
using dilute solutions of sodium hydroxide and hydrochloric 
acid. From figure 12 an optimum pH of 5.5 was chosen. This 
value is approximately the same as the theoretical pH found 
from solubility equilibria of amorphous Al(OH) 3 (s) where the 
solubility of any dissolved aluminum species would be mini-
mized. 
A third set of jars were run to check the optimum 
dose at pH 5.5. From this set of jars it was determined 
that the optimum dose was unchanged and therefore would be 
260 mg/1 as Al 2(so4) 3 ·18H20. 
Polymer optimization was conducted with the polymer 
dose ranging from 0 mg/1 to 0.8 mg/1. The results are found 
in figure 13. Very little change in color or TOC was ob-
served, but a slight drop in TOC indicated an optimum dose 
of magnifloc 521C of 0.2 mg/1. 
Optimum conditions using alum alone produced an ef-
fluent with color of 40 Pt-Co units and TOG of 8.5 mg/1, and 
alum plus polymer produced an effluent with color of 45 
Pt-Co units and TOC of 8 mg/1. 
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4-4.3 Ferric Coagulant Optimization 
Ferric sulfate (Fe 2(so4) 3 ·x H20) was used as the 
third primary coagulant for this test. Since the ferric 
sulfate was not in crystal form (rrtolecular weight unknown), 
a solution of the ferric sulfate was diluted and quantita-
tively analyzed on the U.C.F. plazma emission spectrophoto-
meter for the ferric ion. This solution was then adjusted 
to an acceptable concentration for dosing the raw water. 
The polymer chosen as a coagulant aid for this coagulant was 
Magnifloc 573C. This polymer was used because plants using 
iron as a coagulant frequently use cationic polymers as co-
agulant aids (AWWA 1976). 
Raw water color and TOC were 220 Pt-Co units and 
30 mg/1 respectively. These values are different than the 
initial values for magnesium and aluminum because a second 
sample was taken from the Melborne Water Treatment Plant 
prior to this analysis. The second sample was taken approx-
imately 2 weeks after the first sample. The initial coagu-
lation pH chosen for the iron dose optimization was 5.0. 
This pH was chosen after several attempts had been made at 
coagulating the water and it was determined that a pH in 
this range would give the best results. Ferric sulfate was 
dosed in a range from 8 mg/1 to 40 mg/1 as Fe+3 . There-
sults of this test are presented in figure 14. From figure 
14 an optimum dose of 30 mg/1 as Fe+3 was chosen since this 
dosage produced the minimum values for TOC and color. 
The pH optimization is shown in figure 15. The pH 
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was adjusted from 4.0 to 9.0. It can be seen from figure 15 
that residual color and TOC increase at pH's higher than 
5.0. The optimum pH for ferric sulfate was determined to be 
5.0. The pH adjustments for the ferric sulfate were accom-
plished by adding dilute sodium hydroxide and hydrochloric 
acid. 
Polymer dose optimization data are plotted in figure 
16. No change was noted in either color or TOC removal with 
polymer dosages ranging from 0 ~g/1 to 0.8 mg/1. For the 
purpose of this test an optimum dose of 0.2 mg/1 of Magni-
floc 573C was used~ 
Optimum conditions using ferric sulfate alone pro-
duced a water with a residual color of 35 Pt-Co units and 
final TOC of 8.0 mg/1. Ferric sulfate with polymer had the 
same effluent quality as did the ferric sulfate alone. 
A summary of the optimum dosages and optimum pH 
values for each coagulant is presented in table 5. The 
color removal efficiencies for each coagulant are approxi-
mately the same. There is a slight amount of difference in 
the amount of TOC removed. Ferric sulfate and alum seem to 
remove slightly more TOC than magnesium. Residual turbi-
dity for each coagulant and coagulant plus coagulant aid is 
presented in table 6. This data indicates that the coagu-
lant aids are effective in promoting settling of the floc. 
All three of the coagulants showed a lower turbidity when 
treated with the optimum dose of coagulant aid. The addi-
tion of a polymer reduced the residual turbidity of the 
56 
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59 
alum, iron, and magnesium treated waters by 18%, 17%, and 
11% respectively. 
4-5 TTHM Production by Chlorination of the Coagulated Water 
The experimental design of the evaluation of pH and 
inorganic coagulation on TTHM precursor removal is given in 
table 7. The production of TTHM's from the chlorinated 
water treated with each inorganic coagulant is presented in 
tables 8, 9, and 10. These data were obtained by chlori-
nating 100 ml samples of treated water with 14 mg/1 of cal-
cium hypochlorite, measured as Cl, and placing 5 ml of the 
sample in 10 ml extraction vessels. After allowing for a 
twenty-four hour reaction period, the samples were analyzed 
using the gas chromatograph. One hour TTID1 residuals are 
presented in table 11. The peaks generated by the gas chro-
matograph were then compared to a standard curve for each 
halomethane. The data generated for these standard curves 
can be seen in table 12. Plotted curves for each contami-
nant can be seen in appendix A. The raw water was analyzed 
for the presence of TTlill's and none were found. 
4-6 Effects of pH on TTHM Production 
To measure the effects of pH on TTHM production, the 
following procedure was followed. 100 ml samples of the raw 
water were adjusted to pH 5.0, pH 5.5, pH 7.6, and pH 11.5 
and then chlorinated with 14 mg/1 Cl. The samples were al-
lowed to react for one hour before sodium thiosulfate was 
added to prevent further TTHM formation. The samples were 
60 
Table 7 
Experimental Matrix for the Investigation of 
Coagulant, Filtration and Polymers on TTHM Residuals 
Process Modifications to Coagulated Water 
Experiment pH 
Settled Filtration Polymer 
1 Opt. X 
2 Opt. X X X 
3 7.6 X X 
4 7.6 X X 
5 7.6 X 
6 7.6 X X 
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then analyzed on the gas chromatograph. The results are 
presented in table 13. 
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CHAPTER V 
DISCUSSION 
5-l Introduction 
The data presented in chapter 4 were analyzed in the 
following sections of this chapter. Based on this analysis, 
conclusions were made and presented in chapter 6. 
5-2 Polymers as Potential TTHM Precursors 
Synthetic Polymers are high molecular carbon com-
pounds with varying structures and molecular weights. Very 
little data is available on each individual polymer, since 
many of the manufacturers regard the structures of these 
polymers as trade secrets. The possibility that some poly-
mers may be more susceptible to chlorination than others was 
of interest to this investigator. To investigate this pos-
sibility, six different polymers were tested for their po-
tential to form chloroform when chlorinated. 
The six polymers tested were Magnifloc 835A (anionic 
polyacrylamide), Magnifloc 846A (anionic polyacrylamide), 
Magnifloc 985N (nonionic acrylamide), Magnifloc 905N (non-
ionic acrylamide), Magnifloc 521C (cationic amine). Ten 
milligrams of each of these six polymers was mixed with one 
liter of distilled water, chlorinated and analyzed as de-
scribed in chapter 4. The results are presented in table 4. 
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Some of the polymers tested were found to be suscep-
tible to breakdown when chlorinated. From table 4 it can be 
seen that four of the six polymers tested had measurable 
amounts of chloroform. It should be mentioned that the 
other three trihalomethanes were not found to be present. 
This is understandable since the distilled water used con-
tained no significant amount of bromide ions. Four of the 
polymers chlorinated, ~1agnifloc 835A, Magnifloc 846A, Mag-
nifloc 985N, and Magnifloc 905N produced chloroform concen-
trations ranging from 2.1 ug/1 to 8.1 ug/1. Two polymers, 
Magnifloc 573C and Magnifloc 521C, were found to be un-
reactive when chlorinated. 
Of the four polymers found to be chloroform precur-
sors, two (Magnifloc 846A and Magnifloc 98SN) were EPA ap-
proved for potable water treatment use. The results pre-
sented in table 4 indicate that anionic and non-ionic poly-
mers may contribute slightly to TTilli residuals when used as 
coagulant aids. The data indicate that low molecular weight 
amines are probably less likely to contribute to TTHM pro-
duction than would a nonionic or anionic polyacrylamide 
having a high molecular weight. However, at recommended 
dosages (0.1 to 1 mg/1) for coagulant aids in potable water 
treatment plants, it is unlikely that any contribution to 
TTHH concentrations would be significant. 
As indicated from table 14, when polymers were em-
ployed as coagulant aids with the three inorganic coagulants 
tested (ferric sulfate, alum, and magnesium sulfate), an 
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Table 14 
Average TTHM Production of a Colored Florida Water Treated 
with Alum, Ferric Sulfate, or Magnesium Sulfate Coagulants 
under Optimum Coagulation Conditions 
(Chlorination pH: Alum 5.5, ferric sulfate 5.0, magnesium 
sulfate 11.5, coagulant dosage = optimum for each coagulant; 
chlorine contact time = 24 hr.) 
Chlorination 
Condition Alum Ferric t1agnesium Average 
Unfiltered 
pH=optimum 447 302 1163 837 
no polymer added 
Unfiltered 
pH:::optimum 297 268 959 508 
polymer added 
Unfiltered 
pH=7.6 395 430 389 405 
no polymer added 
Unfiltered 
pH=7.6 252 287 232 256 
polymer added 
Filtered 
pH=7.6 246 260 223 243 
no polymer added 
Filtered 
pH=7.6 243 286 238 257 
polymer added 
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average 5% increase from 243 to 256 ppb in 24 hour TTHM re-
sidual was noted for the filtered samples with an initial 
chlorination pH of 7.6. However, this increase was not con-
sistent in each test. While polymer aided alum and magne-
sium coagulated samples increased the 24 hour residual, the 
iron coagulated sample decreased this residual from 246 to 
243 ppb or 1% when a polymer was employed. Within the ac-
curacy of these tests, polymers do not appear to increase 
the 24 hour TTHM residual. 
Polymers plus coagulant greatly reduced the TTHM re-
siduals for the settled unfiltered samples compared to the 
settled unfiltered samples treated by inorganic coagulants 
alone for all tests with an initial chlorination pH of 7.6. 
The settled samples treated by polymers plus coagulant had 
an average of 37% less 24 hour TT~f residual or a reduction 
of 148 ppb when compared to the unfiltered samples treated 
by a coagulant alone. More importantly, there were virtual-
ly no differences in 24 hour TTIIM residuals between filter-
ed and unfiltered settled samples that had been coagulated 
in combination with a polymer. This indicates that for the 
jar test conditions employed, the polymer settled water was 
as effective as the polymer settled and filtered water in 
reducing TTHM content. Only samples that were coagulated 
and filtered had a lower 24 hour TTHM residual than the pol-
ymer settled samples and this was only a 5% reduction or 
257 ppb to 243 ppb. 
Data collected from this work and work done by Kaiser 
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and Lawerence (1~77) indicated that so~e polymers were po-
tential trihalomethane precursors. Although these polymers 
may be susceptible to chlorination, under jar test condi-
tions the benefils gained from coagulant aids far outweigh 
the risk of TT~1 concentrations attributed to polymer de-
composition by chlorination. 
5-3 Effectiveness of Inorganic Coagulants in Removing TTHM 
Precursors 
Each coagulanl was tested for its effectiveness in 
removing color and TOC from Lake Washington water. These 
tests were conducted at optimum dose and optimum pH for 
each coagulant and the results are presented in table 5. 
There was virtually no difference in color removal for alu-
minum, iron, and magnesium coagulants. Each coagulant re-
moved approximately 85% of the original color. (alum - 87%, 
iron- 84%, magnesium- 84%). Alum and ferric sulfate re-
moved approximately 10% more TOC than did magnesium sulfate 
(alum -76%, iron- 73%, magnesium- 64%). 
To compare individual coagulants as to their effec-
tiveness in removing TTHM precursors, the chlorination pH 
must be specified. This is necessary because the ability 
of an individual species of precursor to react with chlorine 
is pH dependent. As an example, acetone readily forms 
TTHM's at pH 10.2, but at pH 6.7 very little acetone is con-
verted to TTHM's (Stevens et al. 1976). 
A series of jar tests was used to compare each of 
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the three coagulants as to their effectiveness in removing 
TTHM precursors. To evaluate each coagulant, it was neces-
sary to treat each sample at its respective optimum coagu-
lation pH then adjust each filtered sample to a common pH 
to be chlorinated. The common pH was chosen to be pH 7.6 
since this was the pll required to measure residual color in 
all of the samples. It should be noted that all pH values 
were measured prior to chlorination. The addition of 14 
mg/1 of Ca(OC1) 2 increased the adjusted pH of the unchlori-
nated samples from pH 7.6 to pH 8.5. 
The results, as shown in tables 8, 9, 10, and 14, 
indicates that there was slight differences among the TTHM 
residuals for the waters treated by the three inorganic 
coagulants. When the initial chlorination pH of the settled 
samples was regulated to 7.6, the average 24 hour TTHM resi-
duals resulting after magnesium coagulation were always 
lower than those resulting from ferric coagulation which 
were in turn lower than those resulting from alum coagula-
tion. The iron and magnesium 24 hour TTID1 residuals aver-
aged 5% and 15% less than the 24 hour alum residuals. 
Each coagulant removed approximately the same amount 
of color from the raw water. However, the precursors remov-
ed by each coagulant are not necessarily the same. This 
may be an explanation of why magnesium, which removed less 
TOC than did iron or aluminum, produced the lowest 24 TTHM 
residual when the three coagulants were compared at a pre-
chlorination pH of 7.6. However, if the coagulants were 
7S 
compared at their optimum coagulation pH's, where chlorina-
tion under plant conditions would probably occur, the re-
sults were quite different. These results will be discus-
sed in the following sections. 
5-4 Effects of Initial Chlorination pH on TTHM Formation 
The effect of initial chlorination pH was very signi-
ficant in the production of TTHM's under any combination of 
test conditions. The 24 hour TTI!M residuals increased di-
rectly with the initial chlorination pH ranging from 320 
ppb at pH 5.0 to 1163 ppb at pH 11.5 for the unfiltered sam-
ples. The use of polymers did reduce the 24 hour TTHM resi-
duals in the finished waters but did not offset the increas-
ed production due to increasing pH. 
The one hour TTHM residuals for each of the coagu-
lated waters is presented in table 11. The TTHM residuals 
again increase in order of coagulation pH. A coagulation 
pH of 11.5 produced 268% and 190% more TTHM's than did co-
agulation pH's of 5.0 and 5.5 for the three coagulants. The 
one hour TTHM potential for the raw water was determined for 
prechlorination pH's 5.0, 5.5, 7.6, and 11.5 and is pre-
sented in table 13. The lowest TTHM formation potential is 
observed at pH 5.0 (165 ppb) and increases with increasing 
pH to 360 ppb at pH 11.5. 
Figure 17 illustrates the TTHM's formed due to chlo-
rination of the raw water (raw water 1 hour TTHM formation 
potential) at pH's 5.0, 5.5, and 11.5 with a contact time 
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Fig. 17. Trihalomethanes formed after 1 hr. contact 
time. Samples Chlorinated with 14 mg/1 Cl at optimum 
coagulation pH. 
HO 
of one hour. In figure 17 the raw water 1 hour formation 
potentials were compared to the one hour TTHM production of 
the treated samples with the three inorganic coagulants. 
The samples were treated, settled, and chlorinated at the 
optimum coagulation pH for each coagulant. ~fuen iron and 
alum treated samples were chlorinated at pH 5.0 and 5.5 re-
spectively, 49% of the 1 hour formation potential was con-
verted to TTHM's while magnesium samples chlorinated at pH 
11.5 converted 60% of the 1 hour formation potential to 
TTHM's. This indicates that as pH is increased, formation 
potential increases as well as the rate of formation. 
The 1 hour formation potential of the raw water with 
a prechlorination pH of 11.5 was 218% and 153% greater than 
that of the raw water with prechlorination pH's of 5.0 and 
5.5. The increased formation potential with increasing pH 
is apparently due to an increased reaction rate of the halo-
forms with the available precursors and/or the increased 
amount of precursor available for reaction when the samples 
were chlorinated at a higher pH. As mentioned earlier, 
acetone would be an example of a material that would be a 
precursor at a high pH but would not be a precursor at a 
low pH. 
The results, as shown in figure 14, indicate the in-
fluence of pH on the formation of TTHM's. When the pH of 
the settled samples was adjusted to 7.6 prior to chlorina-
tion, the magnesium treated samples formed 19% fewer TTHM's 
than did iron treated water, and 8% fewer than water treated 
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with alum. However, when the pH's of the settled samples 
remained at their respective optimum coagulation pH for 
chlorination, the relationship between the coagulated sam-
ples changed dramatically. The iron treated samples (chlo-
rination pH= 5.0) formed 74% fewer TTHM's than did the 
magnesium treated samples (chlorination pH = 11.5) and 32% 
fewer TTI~1's than the alum treated samples (chlorination 
pH= 5.5). The settled waters which were treated with a 
coagulant and pol~ner produced similar results. When the 
chlorination pH of the settled samples was adjusted to 7.6, 
magnesium plus polymer produced 14% and 9% fewer TTHM's 
than did polymer aided iron or alum. When the chlorination 
pH was left unchanged at the optimum coagulation pH, iron 
plus polymer treated water produced 72% and 10% fewer TTHM's 
than did polymer aided magnesium or alum. 
Under any conditions tested, chlorination pH was the 
dominant factor in TTHM production. The TTHM residuals of 
the treated water increased as the chlorination pH increased. 
It seems logical that TTHM residuals in operating water 
treatment plants could be reduced simply by reducing pH 
prior to chlorination and distribution. This procedure 
would be especially beneficial for a softening process or a 
coagulation process using magnesium where the treatment pH 
must be very high. 
5-5 TTHM Reaction Rates 
The increased rate of formation of TTHM's with 
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respect to increasing pH was of interest to this investiga-
tor. An attempt to compare TTHM formation with the degree 
of ionization of HOCl was attempted. To accomplish this, 
it was necessary to determine post-chlorination pH of each 
sample. The post-chlorination pH was determined by adding 
14 mg/1 of Ca(OC1) 2 to the settled samples and then measur-
ing the pH of each sample. The addition of Ca(OC1) 2 in-
increased the pH of the iron treated water from 5.0 to 7.0, 
the alum treated sample from 5.5 to 7.5, the magnesium 
treated san1ple was unchanged at pH 11.5, and the sanlples 
that had their chlorination pH adjusted to 7.6 increased to 
8.5. If ~aseous chlorine had been used as the chlorine 
source (used by most treatment plants), a decrease in pH 
would have resulted. 
The average one hour TTHM production for raw water 
and water treated with the three inorganic coagulants, found 
in tables 13 and 11 respectively, was compared to a plot of 
the degree of ionization of OCl-with varying pH. This com-
parison is illustrated in figure 18. 
The raw water data were plotted using the average one 
hour TTID1 residual for each post-chlorination pH. The same 
procedure 'Yas also followed for the average one hour TTHM 
residuals from the samples treated with the three inorganic 
coagulants. This procedure was also followed for the 
twenty-four TTHM production (average TTH}i for unfiltered, 
pH = optimum, no polymer added) found in table 14. 
When plotted, these data had approximately the same 
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shape as the one hour TTHM production curves. In order to 
limit the size of the plot, the 24 hour TTHM residuals were 
not plotted. However, the conclusions made for the 1 hour 
TTHM residuals also apply to the 24 hour residuals. 
The degree of ionization of OCl- increases very rapid-
ly (characterized by a steep slope) from pH 6 to 9. Before 
pH 6 and after pH 9, the rate of change of ionization is 
much smaller. This also seems to be the case for the TTHM 
concentrations plotted. The initial rate of change (at pH 
7.0) is relatively high for both plots of raw and treated 
TTID·1 residuals. This high rate of TTHM production con-
tinues until about pH 8.5 where the rate of production 
starts to decrease rapidly. 
The general shape of the two TTHM residual curves 
plotted (as well as the 24 hour residuals not shown) is the 
same as the plot of the degree of ionization of OCl-. This 
indicates that the rate of production of TTHM's is approxi-
mately the same as the degree of ionization of OCl-. If 
this is true, then the reaction of chlorine with precursors 
to form TTHM's may be linked to the presence of OCl-. 
However, one explanation for this interaction may be 
that organics contained in the water may react faster with 
OCl than they would react with HOCl. Another possible ex-
planation would be that some organics are susceptible to 
reaction with OCl- and are not susceptible to reaction with 
HOCl. A combination of the two is the most probable ex-
planation. 
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5-6 Effectiveness of Coagulants in Removing TTHM Precursors 
The amount of 1 hour TTHM Precursor removed by each 
coagulant at its optimum coagulation pH was determined from 
the data presented in tables 11 and 13. These data were 
plotted in figure 18 and were arranged in bar chart form in 
figure 17. 
From both figures 17 and 18, a reduction in TTHM for-
mation can be seen after coagulation with the three inorgan-
ic coagulants. This reduction represented the amount of 1 
hour TTHM potential removed. Magnesium sulfate, coagulation 
at pH 11.5 reduced the one hour TTB}1 formation potential of 
the settled samples the greatest amount (140 ppb). However, 
a more meaningful comparison would be the percent reduction 
of the formation potential. As illustrated in figure 17, 
the ferric sulfate coagulation and the alum coagulation, 
conducted at their respective coagulation pH's, reduced the 
1 hour TTHM formation of the raw water by 50% and 51% re-
spectively. Coagulation with magnesium sulfate only reduced 
the formation potential of the settled samples by 39%. 
It is obvious that the coagulation process is ef-
fective in reducing TTHM formation in the water tested. 
Proper selection of a coagulant, coagulant dose, coagulation 
pH, a coagulant aid, and chlorination pH can reduce TTHM 
formation significantly without the aid of more expensive 
and exotic treatment techniques. 
CHAPTER VI 
CONCLUSIONS 
6-1 Introduction 
The conclusions stated in the following chapter are 
based on the data presented in chapter 4. The conclusions 
are listed in the same order as they were discussed in chap-
ter 5. 
6-2 Conclusions 
1. Some synthetic polymers were found to be suscep-
tible to breakdown when chlorinated. Four of the six poly-
mers tested produced detectable chloroform concentration. 
Of the four polymers that produced chloroform, two were EPA 
approved for potable water use. 
2. Organic polymers used as coagulant aids do not 
appear to increase TTHM residuals. When polymers were used 
as coagulant aids, no significant increase in 24 hour TTHM 
residuals was noted for the filtered samples with an initial 
chlorination pH of 7.6. 
3. Under jar test conditions, organic polymers were 
almost as effective as filtration in reducing the TTHM resi-
duals. There were virtually no differences in 24 hour TTHM 
residuals between filtered and unfiltered settled samples 
that had been coagulated in combination with a polymer for 
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the three inorganic coagulants tested. 
4. There were only slight differences among the 
three inorganic coagulants tested in reducing TTID1 resi-
duals. In all cases where the pH was adjusted to 7.6 the 
magnesium sulfate treated samples produced fewer TTHM's than 
did alum or ferric sulfate. However, these differences were 
very small and may not be statistically significant. 
5. The TTHM residuals in the finished water varied 
directly with the initial chlorination pH, or more impor-
tantly the OH concentration. When the raw water was chlo-
rinated at various pH's, the TTIIM residuals produced in-
crease significantly with increasing pH. Under any condi-
tions tested, chlorination pH was the dominant factor in 
TTHM production. 
6. TTHM formation rate appears to be linked to the 
presence of OCl-. The rate of production of TTHM's was ap-
proximately the same as the degree of ionization of OCl-. 
7. The coagulation process reduced the TTID1 forma-
tion of the raw water. At every pH tested, the one hour 
TTHM formation potential of the raw water was significantly 
higher than the one hour TTHM formation potential of the 
settled sa~ples coagulated with an inorganic polymer. Each 
coagulant tested was effective in reducing the TTHM forma-
tion potential. 
APPENDIX A 
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